Abstract Purpose: More than two decades of research and clinical trials have shown radioimmunotherapy to be a promising approach for treating various forms of cancer. Lym-1antibody, which binds selectively to HLA-DR10 on malignant B-cell lymphocytes, has proved to be effective in delivering radionuclides to non^Hodgkin's lymphoma and leukemia. Using a new approach to create small synthetic molecules that mimic the targeting properties of the Lym-1antibody, a prototype, selective high-affinity ligand (SHAL), has been developed to bind to a unique region located within the Lym-1epitope on HLA-DR10. Experimental Design: Computer docking methods were used to predict two sets of small molecules that bind to neighboring cavities on the h subunit of HLA-DR10 surrounding a critical amino acid in the epitope, and the ligands were confirmed to bind to the protein by nuclear magnetic resonance spectroscopy. Pairs of these molecules were then chemically linked together to produce a series of bidentate and bisbidentate SHALs. Results: These SHALs bind with nanomolar to picomolar K d 's only to cell lines expressing HLA-DR10. Analyses of biopsy sections obtained from patients also confirmed that SHAL bound to both small and large cell non^Hodgkin's lymphomas mimicking the selectivity of Lym-1. Conclusions: These results show that synthetic molecules less than 1/50th the mass of an antibody can be designed to exhibit strong binding to subtle structural features on cell surface proteins similar to those recognized by antibodies.This approach offers great potential for developing small molecule therapeutics that target other types of cancer and disease.
Although surgery and conventional radiation therapy are effective for treating localized cancer, they fall short when faced with disease that is spread throughout the body. Conventional chemotherapy has been moderately successful in treating metastatic disease, but the differential between drug concentrations delivered to tumor and to normal tissues is small. High-specificity, high-affinity cancer-targeting agents that can deliver one or more tumoricidal agents directly to the cancer cells are needed.
There has been considerable optimism that a key component of the body's own disease-targeting system, antibodies, would provide such a vehicle. By tagging monoclonal antibodies with radioactive isotopes, clinicians hoped to bring radiation with its well-known cytocidal properties directly to the tumor. Over the years, significant progress has been made in identifying target molecules unique to cancer cells, raising monoclonal antibodies and determining the radiation dose distribution in the patient before and during treatment. These advances have led to substantial improvements in treatments for nonHodgkin' s lymphoma (1 -4) . Phase III trials have shown a significant (80% vs. 56% overall response rate) increase in response rate with radioimmunotherapy over immunotherapy or conventional chemotherapy (5) . In addition, measurable clinical responses have been achieved with almost every malignancy tested, including breast cancer, prostate cancer, brain malignancies, leukemia, and others (5 -9) . However, for radioimmunotherapy to cure patients without causing major complications, molecular-targeting agents that exhibit substantially higher tumor specificity and retention than has been achieved with existing antibodies and peptide chains are needed.
Relevant to this need, new methods have been developed that enable the design of small multidentate ligands that bind to the surfaces of proteins with both high affinity and specificity (10 -14) . The mode of binding in these molecules mimics the process used by antibodies to establish specific high-affinity interactions with its target through the formation of multiple contacts between amino acid residues on the surface of the antibody and corresponding sites located on the surface of its target (15) . Efforts pioneered by Fesik (10) and others (11 -14) have shown that two or more small molecules that normally bind to different sites on the surface of a protein with lowto-moderate affinities (substrates, cofactors, natural ligands) can be linked together to produce multidentate ligands with three to six orders higher affinity than the original components. Using this process, it is now possible to consider developing an entirely new class of inhibitors, targeting agents and diagnostics that bind to any two adjacent structurally unique sites on the surface of a protein.
Here, we describe a prototype selective high-affinity ligand (SHAL) that has been created by linking together a pair of small molecules that bind independently with low affinity to two structurally unique but nonfunctional cavities located on the surface of HLA-DR10. This HLA-DR was selected as the most suitable target for the first SHAL being developed using this approach because it is present on almost all malignant B cells (16) , its density on malignant cells is at least 10-fold higher than on normal B cells, and the protein contains a unique epitope recognized by the antibody Lym-1 that has been well characterized (17, 18) . Because Lym-1 has been shown to be effective in treating non -Hodgkin's lymphoma, the development of a small molecule SHAL targeting the same epitope recognized by Lym-1 will allow a direct comparison of the use of SHAL relative to a known therapeutic. Because all proteins have numerous cavities distributed across their surfaces that can be targeted in a similar manner for small molecule binding, this work provides an example of how SHALs can be designed to bind to subtle features on the surfaces of proteins with a much greater specificity than we previously thought possible. Results achieved by tethering pairs of these molecules together also show that affinities can be obtained that are similar to or better than those observed when an antibody binds bivalently to its target.
Materials and Methods
Homology modeling and in silico ligand screening. The homology model of HLA-DR10 was generated using the atomic coordinates obtained from different segments of four known HLA-DR crystal structures (19 -22) . The approach used to generate the model was similar to that used earlier to successfully model both high and low homology target proteins (45) . The particular segments of the HLA-DR crystal structures used in the model were selected based on similarities in their secondary structural elements. The solvent accessible surfaces of HLA-DR10 and HLA-DR1-4 were calculated, and two adjacent binding sites (concave pockets) on the modeled HLA-DR10 surface were selected as appropriate sites for ligand binding. These sites, identified as site 1 and site 2 (Fig. 1B) , flank both sides of the most important amino acid in the Lym-1 epitope, R70.
Molecular docking was used to computationally screen the MDL Available Chemical Directory of small molecules (f200,000 compounds at the time the ligands were screened) to identify the top ranked molecules predicted to bind to site 1 and site 2. All compound conformations were evaluated by an energy score. While the molecules were ranked based on their energies, the scoring function does not predict the actual binding affinities. The top 1% of scored compounds (f2,500) was examined visually. Specific interactions, such as charge and hydrophobic interactions, were qualitatively noted for each compound. A variety of molecules representing the spectrum of available compounds were selected for experimental analysis.
Isolation and purification of HLA-DR10 and its b subunit. The HLA-DR10 protein, which is a heterodimer composed of a and h subunits with a total apparent molecular weight of 55 kDa, was isolated from cultured Raji Burkitt's lymphoma cells and purified on a Lym-1 antibody affinity column as described previously (42) . The h subunit of HLA-DR10 was expressed in Escherichia coli. The protein was isolated as inclusion bodies, dissolved, and refolded to yield protein that remained soluble in aqueous buffers in the absence of a detergent. Circular dichroism spectra and small molecule ligand binding were used to confirm that the recombinant h subunit was properly folded.
Experimental confirmation of ligand binding to HLA-DR10. Transferred NOE spectroscopy experiments (23 -27) and water LOGSy experiments (28) were carried at 30jC, using mixtures of several ligands per experiment, to identify those ligands that bind to native HLA-DR10. The proteins used in the nuclear magnetic resonance screening experiments ranged in concentration from 0.7 to 1.8 mg/mL. Small volumes of ligand stock solution in D 2 O or d 6 -DMSO were added sequentially to an aqueous HLA-DR10 solution (containing 10-50% D 2 O for the lock signal) so that the molar ratio of each ligand/protein was f20:1. The total concentration of d 6 -DMSO never exceeded 3% (v/v).
SHAL synthesis. First generation SHALs containing deoxycholate and leu-enkephalin (SHAL1-SHAL3) were manually synthesized using standard Fmoc solid phase synthesis on chlorotritylchloride resin in a Fig. 1 . Structure of the HLA-DR10 h subunit and ligand binding sites. A, homology model of the h subunit. The red stick-form residues are the amino acids (Arg70, Arg71, Ala74,Val85) that affect Lym-1binding to the protein. The yellow stick-form cysteine residues form the disulfide bond in the subunit that must be present for Lym-1recognition of HLA-DR10. B, a solvent accessible surface representation of HLA-DR10. The blue residue is Arg70, an important residue in the Lym-1epitope. The magenta area is binding site 1, and the cyan area is binding site 2. C, the solvent accessible surface representation of HLA-DR3 (left) and the solvent accessible surface representation of HLA-DR10 (right). Residues are color coded by charge: blue, positively charged; red, negatively charge; green, polar and not charged; white, hydrophobic. Note that the site 1binding cavity is filled in for HLA-DR3, whereas it is a well-defined cavity in HLA-DR10.
5-mL disposable polyethylene column (Pierce Biotechnology, Inc.). After the coupling of Fmoc-Lys (t-butoxycarbonyl)-OH, Fmoc-mini-polyethylene glycol (PEG)-OH, and the addition of the second lysine (DdeLys(Fmoc)-OH) to the resin, the Fmoc protecting group on the q-amine of the second lysine residue was removed with 20% piperidine. The leuenkephalin was then synthesized on the resulting resin by sequential addition of Fmoc-Ile-OH, Fmoc-Phe-OH, Fmoc-Ala-OH, Fmoc-Ala-OH, and Fmoc-Tyr-OH. The resin was submitted to a washing and filtration cycle with DMF (2 mL, thrice, 1 min) between every deprotection and coupling step. After acetylating the tyrosine residue on leu-enkephalin with acetic anhydride, deoxycholate was added to the a-amine of the second lysine using NHS ester chemistry after removing the (1-(4,4-dimethyl-2,6-dioxocyclohexylidene)ethyl) Dde-protecting group with 4% hydrazine. In those SHALs with linkers containing one or two mini-PEGs, one or two cycles of Fmoc-mini-PEG-OH were added before deoxycholate addition. The final resin was then treated with 20% trifluoroacetic and 1% triethylsilane in dichloromethane. The trifluoroacetic acid esters formed on the primary alcohols of deoxycholate during cleavage from the resin were removed by stirring in ammonium bicarbonate. The SHALs were purified using semipreparative highpressure liquid chromatography (HPLC), and the product fractions were lyophilized to dryness. Analytic HPLC trace electrospray ionization-mass spectrometry and 1 H -nuclear magnetic resonance spectra were obtained for each SHAL to assess their purity. The nuclear magnetic resonance spectra obtained for each purified SHAL (data not shown) was consistent with the intended structure. The yields of purified product (SHAL1-SHAL3) and observed masses are shown in Table 1 .
Second generation SHALs containing N-benzoyl-L-arginyl-4-aminobenzoic acid and dabsyl-L-valine (SHAL4-SHAL7) were also synthesized on a chlorotritylchloride resin and cleaved using similar methods. The bisbidentate SHALs were created using the same chemistry as the bidentate SHALs. SHAL4 molecules were synthesized at the ends of a pair of mini-PEG chains (two to four PEG units, depending on the desired linker length) conjugated through the a-amine and q-amine of the N-terminal lysine in lysyl-lysine. 1,4,7,10-Tetra-azacyclododecane-N,N ¶,N 00 ,NØ-tetraacetic acid SHALs were synthesized using solution phase coupling of the free amine SHALs with 1,4,7,10-tetra-azacyclododecane-N,N ¶,N 00 ,NØ-tetraacetic acid NHS ester of PF 6 salt in DMF and DIEA. These SHALs were purified using reverse phase HPLC and characterized using electrospray ionization-mass spectrometry. Analytic HPLC was carried out on an Agilent 1100 instrument (Waters Symmetry C18 column), and preparative HPLC was carried out on a Waters preparative HPLC (Waters Symmetry prep C18 column). The nuclear magnetic resonance spectra obtained for each purified second generation SHAL (data not shown) was consistent with the intended structure. The observed yields and masses obtained for the purified SHAL4 to SHAL7 are shown in Table 1 .
Analysis of SHAL binding to isolated HLA-DR10, live cells, and fixed tissue. The binding of SHALs to the recombinant HLA-DR10 h subunit was analyzed using surface plasmon resonance on a BIAcore 3000 (Biacore International AB). Equivalent amounts of an antipolyhistidine monoclonal antibody (R&D Systems, Inc.) were immobilized on two flow cells of a CM5 chip using standard amine coupling, and the recombinant HLA-DR10 h subunit was captured on one of the two cells. The cell without the h subunit was used as a reference or ''blank.'' Individual SHALs prepared at the same molar concentration were injected sequentially into both cells in 1.0Â PBS, 5% DMSO for 1 min at a flow rate of 50 AL/min. The binding and dissociation of each SHAL was recorded by monitoring the change in response units observed for each cell. Three minutes were allowed for the first SHAL to dissociate and the signal to return to baseline before the next SHAL was injected and the process repeated. This approach allowed the binding of a set of SHALs to the same h-subunit sample to be compared. The resulting curves were double referenced, molecular weight was adjusted, and solvent was corrected. In those experiments used to determine if SHAL bound to the same site as Lym-1, Lym-1 was added to the captured h subunit before SHAL addition. Those SHALs binding within the Lym-1 epitope no longer bound after Lym-1 addition.
Experiments conducted to determine if SHAL binds to live Raji, Ramos, and other cells expressing HLA-DR10 and a variety of cell lines known to not contain HLA-DR10 were done in an ELISA format in 96-well plates. The plates were coated with streptavidin, the biotinylated SHAL was added, and after rinsing to remove unbound SHAL, suspensions of cells (0.5-1.0 Â 10 6 per well) were added to the wells and incubated for 1 h at 37jC. Cells were also added to wells prepared by coating with Lym-1 antibody to compare SHAL and Lym-1 binding to each cell line. Excess and unbound cells were removed by gently rinsing the wells thrice with PBS containing 5% bovine serum albumin, each well was fixed for 10 min with 10% buffered formalin and subsequently rinsed with PBS. The cells remaining bound were stained with Cresyl violet, the plates were rinsed to remove excess stain, and the stained cells bound to the well were visualized and photographed under the microscope.
Immunohistochemistry was done on formalin-fixed, paraffinembedded lymphoma tissue sections from three patients after deparaffinization, clearing inhibition of endogenous peroxidase activity in a solution of 3% hydrogen peroxide in methanol and hydration in decreasing concentrations of alcohol to distilled water. Before incubation with SHAL or Lym-1, antigen retrieval was done by hightemperature (microwave) incubation in 0.01 mol/L citric acid buffer (pH 6.0) for 3 Â 4 min. After cooling and transfer to PBS (pH 7.4; 2 Â 5 min each), 10% normal horse serum (Vector Laboratories) was applied to the sections and incubated for 20 min in a humidified chamber at room temperature. Slides were covered with primary SHAL and allowed to sit overnight. The Vectastain ABC Elite kit (Vector Laboratories) was used as amplification system according to the manufacturer's instructions. Slides were counterstained in Mayer's hematoxylin, dehydrated, cleared, and coverslipped. One negative control slide per sample run was run without primary antibody.
Competitive binding with Scatchard analysis was used to estimate the binding constants for SHAL4 to SHAL7 to Raji cell HLA-DR10 antigen. One million HLA-DR10 -positive (Raji) and HLA-DR10 -negative (CEM) cells were incubated with 10 -10 to 2 Â 10 -13 mol/L SHAL in a total volume of 150 AL of 5% bovine serum albumin in PBS for 1 h. The bound counts (cell pellet) and free counts (supernatant) were collected by centrifugation and counted in a calibrated gamma well counter. Data for the CEM cells were subtracted from that of the Raji cells to obtain the cell-specific binding constants.
Results
Unique HLA-DR10 -specific ligand binding sites. Lym-1 is a murine IgG2a monoclonal antibody that selectively binds an abundant protein located on the surface of malignant human B-cell lymphocytes (16) . This protein, HLA-DR10, has an epitope that contains several amino acid substitutions not found in other HLA-DR subtypes (17, 18) . The epitope, which seems to be localized to the h subunit, has been shown to contain two amino acid residues, R70 and R71, both of which are required for Lym-1 binding. HLA-DR molecules with amino acid substitutions at either position do not bind the antibody.
To create an HLA-DR10 -specific SHAL that binds to the surface of the protein in the proximity of these two residues, it was necessary to first develop a three-dimensional model of the HLA-DR10 protein. Crystal structures for four different closely related HLA-DR molecules (HLA-DR1 -HLA-DR4) were identified as candidate structural templates (19 -22) , and the protein sequences of these four proteins were aligned with the HLA-DR10 sequence to locate the variable amino acids and identify those regions of HLA-DR10 that contribute to the critical epitope of the Lym-1 antibody (17, 18) . This alignment showed that all five proteins exhibited a high degree of sequence similarity (93-97%) and confirmed that a reasonably accurate three-dimensional model of the HLA-DR10 h subunit could be generated by homology modeling. The results of the modeling revealed that amino acid residues that contribute to Lym-1 binding were located in the same h-subunit a-helix. R70 and R71 were located near the center of the helix, whereas another Lym-1 reactive residue, V85, was positioned at the end of the helix directly adjacent to the hinge that links the two structural domains (Fig. 1A) of the h subunit.
Cavities on the solvent accessible surface of HLA-DR10 were identified and used as potential binding sites for ligands. Several sites surrounding the key amino acids (R70 and R71) in the Lym-1 epitope were examined. Two pockets (site 1 and site 2) in the modeled HLA-DR10 surface, flanking both sides of R70, were selected as appropriate sites for ligand binding (Fig. 1B) because of their proximity to each other, their position relative to the Lym-1 reactive residues, and the unique features (shape of cavity and nature of surrounding amino acid side chains) that define each pocket (Fig. 1C) .
Identification of small molecule ligands that bind to HLA-DR10. Virtual screening of a database of f200,000 small molecules identified the top ranked 2,500 molecules predicted to bind in site 1 and site 2. After visual examination of the results, 35 compounds representing the full range of structural families present in each ligand set were selected for experimental testing to determine if they actually bind to the protein. Transferred nuclear Overhauser effect spectroscopy (23 -27) and water LOGSY experiments (28) were used to screen a subset (based on cost and availability) of the top 35 predicted site 1 and site 2 ligands, in mixtures of several ligands per experiment, to determine which compounds bound to the HLA-DR10 protein isolated from Raji cells. Eleven of thirty molecules tested were found to bind to the isolated HLA-DR10 protein ( Table 2) . Six of the molecules were ligands predicted to bind to site 1; five were ligands predicted to bind to site 2. Competition experiments showed that each of the five site 2 ligands bound to a different site than deoxycholate (one of the site 1 ligands), thereby making it a suitable partner for linking to deoxycholate.
First generation bidentate SHALs. Three first generation SHALs were synthesized by linking together the two ligands leu-enkephalin and deoxycholate ( Fig. 2A) . The optimal linker length was estimated by measuring the distance between the two bound ligands in the computer model of the relevant ligand-protein complexes generated during the docking runs, and the combination of lysine and PEG monomers were used to create a SHAL set with ligands separated by the predicted Table 2 . Ligands determined to bind to isolated HLA-DR10 using nuclear magnetic resonance spectroscopy . Leu-enkephalin . Asp-arg-val-tyr . N -a-benzoyl-arginine-4-amino benzoic acid . N -a-N -omega-dicarbobenzoxyarginine . Bis-t-butoxycarbonyl-L-arginine Fig. 2 . Structure of the first generation human lymphoma SHALs (A) and their relative binding to the HLA-DR10 h-subunit (B) as determined by surface plasmon resonance. The recombinant h subunit of HLA-DR10 was attached to a CM5 chip via its (his) 6 terminal tag, which was captured by an immobilized polyhistidine antibody. The binding curves were collected using a BIAcore 3000 after injection of equimolar concentrations of SHAL1to SHAL3.
length (lysine-PEG linker) and one PEG monomer longer and shorter. Biotin was incorporated into SHAL to facilitate the in vitro binding studies of SHAL to HLA-DR10 and to test the selectivity of SHAL for binding to live cells and tissue sections.
Surface plasmon resonance binding experiments were conducted to confirm that SHALs bound to the h subunit of HLA-DR10. In these experiments, a recombinant form of the HLA-DR10 h subunit with a COOH terminus histidine tag was captured by an immobilized polyhistidine monoclonal antibody on an surface plasmon resonance chip, and the binding of each SHAL to the protein was measured by passing each SHAL over the antibody-protein complex and a control surface containing only the antibody. All three SHALs were observed to bind to the h subunit (Fig. 2B) . Fig. 3 . Selectivity of SHAL binding to human B-cell lymphoma cell lines. ELISA plates were coated with streptavidin, SHAL 2 was added to bind to the SA, and the plates were rinsed to remove unbound SHAL. Suspensions of cultured lymphoma and other cancer cells were added to the plates, and the plates were incubated, then washed and stained with Cresyl violet to visualize and quantify the amount of cell binding to the immobilized SHAL on the plates. Fig. 4 . Binding of SHAL2 and Lym-1 antibody to B-cell lymphoma tissue from patients. SHAL2 was preincubated with horseradish peroxidase-tagged streptavidin and binding to the cells in the tissue was detected using 3,3 ¶-diaminobenzidine reagent. Lym-1binding was detected with a biotinylated antimouse monoclonal antibody, followed by horseradish peroxidase-tagged streptavidin and 3,3 ¶-diaminobenzidine. A, SHAL 2 on large cell lymphoma. B, SHAL 2 on small cell lymphoma. C, Lym-1antibody on large cell lymphoma. D, Lym-1antibody on small cell lymphoma. To determine if SHAL would bind to live human lymphoma cells and to assess the selectivity of binding, ELISA plates were coated with streptavidin, SHAL2 (LePLDB) was introduced and allowed to bind to the streptavidin, and the plates were rinsed to remove unbound SHAL. Suspensions of cultured lymphoma and other cancer cells were added to the plates, and the plates were incubated, then washed and stained with Cresyl violet to visualize and quantify the amount of cell binding to the immobilized SHAL on the plates. As shown in Fig. 3, SHAL2 bound to nine different HLA-DR10 expressing human lymphoma cell lines, but it did not bind to cells that were known to lack HLA-DR10.
SHAL Antibody Mimics for Cancer
Experiments carried out using horseradish peroxidase-tagged streptavidin -conjugated SHAL2 to stain frozen human lymphoma tissue sections also revealed that SHAL binds to human lymphoma cells with a pattern of binding that mimics that of the Lym-1 antibody. In particular, the larger, more undifferentiated lymphoma cells exhibited more pronounced staining than the small, more differentiated lymphoma cells (Fig. 4) . SHAL binding to these B-cell lymphoma sections was not affected by tissue fixation or embedding in paraffin. SHAL2 bound equally well to frozen tissue, formalin-fixed tissue, and fixed tissue after antigen retrieval, whereas Lym-1 antibody only bound well to fresh or frozen B-cell lymphoma tissue.
Second generation bidentate SHALs produced by ligand substitution. To maximize the stability of SHAL in vivo (leuenkephalin has a half life of <15 min when it enters the blood; ref. 29) , minimize its uptake by the liver (deoxycholate is similar in structure to bile acids), and increase SHAL's affinity for HLA-DR10, a series of second generation SHALs were created by successively replacing deoxycholate and leu-enkephalin with other site 1 and site 2 ligands. The same linker, a lysine conjugated to a single PEG monomer, was used to connect each of these new ligand combinations, and the chelator 1,4,7,10-tetra-azacyclododecane-N,N ¶,N 00 ,NØ-tetraacetic acid was attached to the third position on the linker in place of the biotin used in the first generation SHALs. This enabled SHAL to be radiolabeled with 111 In and to be used in binding experiments to determine their affinities for whole-lymphoma cells. The best of these new SHALs, which contained dabsylvaline, as the site 1 ligand, and N-benzoyl-L-arginyl-4-amino-benzoic acid, as the site 2 ligand (SHAL4; Fig. 5 ), bound to HLA-DR10 -expressing Raji cells with a
Bis-bidentate SHALs. One important structural feature of all antibodies is that they contain two identical antigen binding sites. Whereas many antibodies use only one of these sites to bind to their targets, those that bind bivalently exhibit much higher affinities. To improve the avidity of these second generation SHALs for lymphoma cells, a series of bisbidentate SHALs were synthesized in which two bidentate SHAL4 molecules were linked together using lysine residues and a series of PEG monomers to produce a SHAL capable of simultaneously binding to two neighboring HLA-DR10 molecules in a manner similar to the bivalent binding exhibited by some of the best antibodies. The length of the linker needed to span the distance between two HLA-DR10 proteins on the cell surface, about 50 to 90 Å , was estimated using the physical dimensions of an IgG antibody and the calculated distance of separation between HLA-DR10 molecules on the Raji cell surface. Three bisbidentate SHALs were subsequently synthesized with 53 Å (SHAL5), 75 Å (SHAL6), and 93 Å (SHAL7) linker lengths. The structure of the bisbidentate SHAL with the longest linker, SHAL7, is shown in Fig. 5 .
Whole Raji cell binding experiments carried out using the three 111 In-labeled bisbidentate SHALs showed that the process of linking pairs of SHALs together to obtain molecules capable of binding to two neighboring HLA-DR10 molecules increased the avidity of SHAL for cells expressing HLA-DR10 by 1,000-fold to 4,000-fold over that observed for the bidentate SHAL. Picomolar cell-specific K d 's were obtained for all three bisbidentate SHALs (Table 3) .
Discussion
Comparative analyses of normal cells and their transformed counterparts have identified a number of differences in cell surface proteins that can be exploited for both the identification and treatment of a variety of cancers. B-cell lymphocytes and the human lymphomas that develop from these lymphocytes, for example, have been shown to contain an abundant sequence variant of HLA-DR, HLA-DR10 (16 -18) , that does not seem to be present on the surface of other cells. Furthermore, the mucins found on breast and prostate cancer cells exhibit significant differences in the extent of glycosylation and level of branching of their carbohydrates (30, 31) . Other tumors have also been determined to have higher densities of various cell surface proteins, including prostate-specific membrane antigen (32 -35) , CD20 (36), CD22 (37) , and CD43 (38) . These differences in protein sequence, posttranslational modification, and concentration on the cell surface have enabled the development of a number of tumor-specific antibodies (16, 39 -43) for use both as diagnostics and as therapeutics. Whereas the application of some of these Experiments conducted with the present SHALs show that small synthetic molecules (<4,000 Da) can be created that bind to unique structural features located on the surface of proteins within epitopes targeted by antibodies. The HLA-DR10 site selected for SHAL binding is located within a region of the h subunit containing the three amino acid residues determined previously (17, 18) to be important for the binding of the antibody Lym-1. The side chain of one of these amino acids, R70, is positioned between the two cavities selected for binding the two ligands that were linked together to create SHAL. The side chains of the other two residues, A74 and R71, change the shape of the cavities and charge distribution surrounding them sufficiently to allow the identification of small molecules that bind selectively to HLA-DR10.
These SHALs were developed using a virtual ligand screening approach (molecular docking) to select candidate small molecules predicted to bind to the two cavities and to reduce the number of ligands that needed to be tested experimentally. Whereas it is recognized that the force fields and energetics used by the present docking programs are less than ideal, the results we report here for HLA-DR10 and our previous studies with the C fragment of tetanus neurotoxin (24, 44) show that these methods can provide sufficient discrimination to effectively screen very large libraries of small molecules and identify a small set of compounds for experimental testing. In each of these studies, <40 compounds were screened for binding to the target proteins and 25% to 56% of the compounds tested were experimentally determined to bind to the protein.
The binding of the first generation SHAL2 to nine cell lines expressing HLA-DR10, as well as the absence of its binding to seven cell lines known to lack HLA-DR10, confirms its selectivity for cells containing HLA-DR10 and the SHAL's potential utility as a targeting agent or diagnostic for lymphoma and leukemias. The absence of SHAL2 binding to the cell lines lacking HLA-DR10 also provides evidence that SHALs do not bind with significant affinities to other cell surface proteins. The observed subtle differences in staining of the larger, more undifferentiated lymphoma cells and the smaller, more differentiated lymphoma cells observed in SHAL-treated lymphoma biopsy sections not only show the extent to which SHAL mimics the binding that has been observed when using the antibody Lym-1, but the successful staining of fixed, paraffin-embedded tissue sections also points out another useful feature of small molecule ligands. Because small molecules bind to a much smaller region on the protein surface, their binding is less likely to be disrupted by fixation techniques that chemically modify selected amino acids (e.g., aldehyde modification of lysine).
The demonstration that these first SHALs mimic so closely the binding selectivity of the Lym-1 antibody is encouraging and suggests that these prototype molecules may be useful future therapeutics for non -Hodgkin's lymphoma. HLA-DR10, the antigen containing the epitope recognized by Lym-1, is an abundant (f10 6 molecules per cell) cell surface marker that is present on f80% of lymphoma cells. In contrast, only f2% of healthy B cells express the HLA-DR10 protein, and the level of expression is f10-fold less than on tumor cell lines. This indicates that SHALs targeting HLA-DR10 should have a limited effect on the healthy B-cell population and allow them to continue making antibodies to fight infection.
Clearly, one of the most exciting aspects of this work is the demonstration that pairs of bidentate SHALs can be linked together to create bisbidentate molecules 1/50th the size of an antibody that appear to bind bivalently to two neighboring HLA-DR10 molecules on the surface of lymphoma (Raji) cells. The bisbidentate ligands generated by linking together two SHAL4 molecules resulted in a several thousand-fold increase in avidity for cells expressing HLA-DR10, from the near nanomolar K d obtained for the bidentate SHAL4 to picomolar K d 's obtained for the bisbidentate versions of the same SHAL. This result substantiates the concept that small molecules can be created to bind to unique structural features on the surfaces of proteins with affinities similar to or exceeding those of antibodies.
This ability to create small protein-specific ligands that bind to selected sites on a protein's surface provides a powerful new approach that may be exploited to modulate protein function and enable the development of a new spectrum of therapeutics and diagnostic reagents. Small molecules identified to bind to unique cavities located near the active site of an enzyme, for example, could be used to develop bidentate inhibitor analogues (new ligands linked to existing inhibitors) that exhibit increased affinities and selectivities. The approach also makes it possible to consider designing steric inhibitors that block catalytic reactions without actually binding within the active site of the enzyme. Other inhibitors could be developed that block intermolecular associations between proteins by binding tightly to the sites on the surfaces of the proteins required for complex formation. In certain cases, it might even become possible to design SHALs that bind the most subtle structural features on proteins, such as structural alterations in the surface of the protein induced by posttranslational modifications or the natural binding of cofactors or other small molecule ligands.
